The objective of this study was to determine the prevalence of Shiga toxin-producing Escherichia coli (STEC) serogroups and associated virulence genes in feces of commercial feedlot cattle. During March to May 2011, fecal samples were collected from individual cattle (n = 960) in 10 cohorts (cattle subpopulations within a feedlot) comprising 17,148 total steers that originated from 48 backgrounding operations in six U.S. states. Fecal samples were enriched in E. coli broth and subjected to two detection protocols: (1) an 11-gene multiplex polymerase chain reaction (PCR) that identifies seven O serogroups (O26, O45, O103, O111, O121, O145, and O157) and four virulence genes (stx1, stx2, eae, and ehxA) applied to extracted total DNA (''direct PCR''); and (2) cultural procedures that involve immunomagnetic separation (IMS) with O26, O103, and O111 beads, plating on a nondifferential MacConkey agar, followed by the multiplex PCR of pooled colonies (''culture-based method''). Generalized linear mixed models were used to adjust prevalence estimates for clustering. Based on direct PCR detection, O157 (49.9%) was the most prevalent O serogroup followed by O26 (20.3%), O103 (11.8%), O121 (10.7%), O45 (10.4%), O145 (2.8%), and O111 (0.8%). Cumulative adjusted prevalence estimates were 22.3, 24.6, and 0.01% for O26, O103, and O111 serogroups, respectively, based on culture-based methods. However, prevalence varied significantly by cohort ( p-values < 0.05) for O26, O121, and O157 based on direct PCR, and for O26, O103, and O111 serogroups based on culture-based methods. Results of this study indicate that all seven STEC serogroups were identified in feedlot cattle feces, with O157, O26, and O103 being the most prevalent serogroups. A substantial proportion of serogroup-positive samples did not harbor Shiga toxin genes; thus, additional elucidation of the potential human health risk is required. Further evaluation of diagnostic methods for non-O157 STEC is needed given their impact on prevalence estimation.
Introduction

S
tudies of Shiga toxin-producing Escherichia coli (STEC) in food production systems have focused primarily on serotype O157:H7, despite the fact that human cases of non-O157 STEC have exceeded O157 STEC cases in the United States and Europe (Brooks et al., 2005) . The Center for Disease Control and Prevention reported that six non-O157 STEC O groups (O26, O45, O103, O111, O121, and O145) are responsible for over 70% of non-O157 STEC-associated illnesses in the United States (Brooks et al., 2005; Scallan et al., 2011) . Although commodities other than beef (e.g., fruits and nuts, leafy vegetables) have been implicated in non-O157 outbreaks of human illness (Painter et al., 2013) , ruminants, including cattle, are considered a major reservoir of non-O157 STEC (Bettelheim, 2000) . Most recent studies of beef production systems reporting prevalence of non-O157 STEC serogroups are based on ground beef or carcass samples (Bosilevac et al., 2007; Bosilevac and Koohmaraie, 2011; Fratamico et al., 2011; Hofer et al., 2012) . Few studies have reported prevalence in cattle, with wide-ranging estimates from 4.6 to 55.9% in cattle feces ( Jenkins et al., 2003; Renter et al., 2005; Hussein, 2007; Renter et al., 2007) .
A U.S. Department of Agriculture Food Safety and Inspection Service (USDA-FSIS) risk profile for non-O157 STEC indicated that there are no data on the prevalence of non-O157 STEC in cattle or cattle carcasses and that these data are needed for quantitative assessments (Pihkala et al., 2012) . Furthermore, given the increasing recognition of the clinical relevance and role of non-O157 STEC as foodborne pathogens in North America, there is a clear need to gather pre-and periharvest data on the prevalence and distribution of STEC serogroup and virulence factors in beef and cattle production systems. Therefore, the objectives of this study were (1) to determine the point prevalence of STEC serogroups and associated major virulence genes in feces of commercial feedlot cattle, and (2) to determine the agreement between two detection protocols (direct polymerase chain reaction [PCR] and culturebased methods) used to estimate prevalence in cattle feces.
Materials and Methods
Study population and sampling
Details on the study population and sampling procedures have been described elsewhere (Cull et al., 2012) . Briefly, samples were collected from a commercial feedlot operation in central United States between March and May 2011. Feedlot eligibility criteria were determined based on requirements for a preharvest intervention study (Cull et al., 2012) . A total of 17,148 cattle from this feedlot were eligible for the study. These cattle came from 48 backgrounding operations located in six U.S. states (CO, IA, MO, ND, NE, and SD). Ten cattle cohorts (feedlot subpopulations), each with approximately 1700 cattle, were defined based on the dates at which they were sorted at the feedlot for a summer finishing period. Ninety-six cattle were randomly selected from each cohort for fecal sampling. Sample size estimates were determined for the intervention study (Cull et al., 2012) .
Rectal fecal grab samples of approximately 30 g were collected from individual cattle using a rectal sleeve. After collection, samples were shipped on ice overnight to the Preharvest Food Safety Laboratory at Kansas State University for processing. Demographic data (source of origin, arrival date, days on feed [DOF] , body weight upon arrival, allocation and sale dates) were collected with the purpose of describing the study population.
Laboratory protocols for detection of STEC
Approximately 1 g of each fecal sample was mixed in 9 mL of E. coli broth (EC; Oxoid Ltd., Hampshire, UK), and incubated at 40°C for 6 h . A 1.0-mL sample of the enriched fecal suspension was placed in a 1.5-mL microcentrifuge tube, boiled for 10 min, and centrifuged at 10,000 · g for 5 min. DNA was extracted and purified with a GeneClean Turbo DNA extraction kit (MP Biomedicals, Solon, OH) and tested by an 11-gene multiplex PCR assay that detects the seven serogroups (O26, O45, O103, O111, O121, O145, and O157) and four major virulence genes (stx1, stx2, eae, and ehxA; Bai et al., 2012) (referred hereafter as ''direct PCR''). A 1.0-mL sample of the enriched fecal suspension from the EC was also subjected to immunomagnetic separation (IMS) with Dynabeads Ò (Invitrogen, Carlsbad, CA) for O26, O103, and O111 serogroups. Fifty microliters of the O26, O103, and O111 bead suspensions were streaked on MacConkey (MAC) agar plates and incubated for 18-24 h at 37°C. Then, 10 lactose-fermenting colonies, randomly picked from each sample, were mix together with 1 mL 0.1% peptone water. Fifty microliters of the colony mixture-peptone water suspensions from each sample were boiled for 10 min to then be subjected to the 11-gene multiplex PCR assay to detect the seven O serogroups and four virulence genes (referred hereafter as ''culture-based method'').
Statistical analyses
Cumulative point prevalence estimates for each STEC serogroup and virulence gene were calculated at the sample level across all cohorts as the proportion of samples testing positive divided by the total number of samples tested (n = 960). Within-cohort prevalence for each serogroup and virulence gene was determined as the proportion of samples testing positive for each gene in each cohort divided by the total number of cattle tested within each cohort (n = 96 per cohort). Apparent cumulative and within-cohort prevalence were estimated for both detection methods.
To estimate cumulative mean prevalence at the cohort level, a random-effects model with a random intercept for cohort was used to adjust prevalence estimates for lack of independence associated with collecting multiple fecal samples from each cohort. Generalized linear mixed models used Laplace estimation, Newton-Raphson and Ridging optimization, a binomial distribution, and a logit link (Proc Glimmix SAS 9.3, SAS Institute Inc., Cary, NC). Outcome variables were modeled as binomial proportions as the number of positive samples (events)/number of samples tested per cohort (trials). An independent model was run for each STEC serogroup and detection method (culturebased and direct PCR). Prevalence estimates were calculated from model intercepts using the following formulae: e b0 /1 + e b0 where b 0 is the coefficient of the model intercept. To estimate associations between cohort and prevalence of each STEC serogroup (within-cohort prevalence estimates), a categorical cohort variable was included as a fixed effect in regression models using a binomial distribution and logit link (with no random effects).
To assess overall agreement on the presence or absence of STEC serogroups in fecal samples between direct PCR and culture-based methods, the Cohen's j statistic and the McNemar's chi-square test were estimated (Dohoo et al., 2009) . The degree of agreement was interpreted based on the scale proposed by Landis and Koch (1977) .
Results
Characteristics of the study population
Cattle within each cohort were from a range of eight to 17 different backgrounding farms in three to five U.S. states. Overall mean cattle body weight was 393.7 kg (standard error of mean [SEM] = 0.4 kg), with a median of 339.2 kg, and range of 89.4-483.1 kg. Within cohorts, mean body weight ranged from 365.8 to 419.8 kg. At the start of the study, the mean DOF at the feedlot was 117 days (SEM = 0.1 days; range = 37-237 days), whereas the mean DOF by cohort ranged from 102 to 138 days.
Prevalence of seven STEC O serogroups based on direct PCR
Direct PCR identified serogroup O157 most frequently, with 48.2% (463/960) of samples testing positive (Table 1) . Among non-O157 STEC serogroups, O26 (23.4%), O121 (16.4%), and O103 (11.8%) were the most prevalent serogroups detected by direct PCR followed by O45 (10.8%), O145 (0.03%), and O111 (0.01%) ( Table 1) . Among samples positive for non-O157 O serogroups, a greater proportion ( p < 0.01) tested positive for stx2 (69.0-100%) than for stx1 (46.9-77.8%). A similar pattern was observed for O157, where 69.3% (321/463) of samples tested positive for stx2 compared to 56.8% (263/463) that tested positive for stx1 ( p < 0.01).
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Approximately 33% (315/960) of samples were positive for two or more STEC serogroups based on direct PCR. Conversely, 34.2% (328/960) of samples were negative for all seven STEC serogroups. The distribution of serogroups and corresponding virulence markers is reported in Table 2 . Estimates of apparent cumulative and within-cohort prevalence accounting for the hierarchical structure of the data (modeladjusted prevalence) are reported in Table 3 . The prevalence of O serogroups across cattle cohorts (and sampling time) did not indicate a readily apparent temporal pattern, but cohorts 3, 4, 7, and 9 seemed to have numerically greater prevalence values (Table 3 and Fig. 1 Tables 1 and 2 . Overall model-adjusted cumulative and within-cohort prevalence estimates of STEC O serogroups are reported in Table 3 .
Comparisons between direct PCR and culture-based detection protocols More O26, O103, and O111 positive samples were detected by culture-based methods ( p < 0.01) than by direct PCR; however, the detection of virulence genes after culture was considerably lower ( p < 0.01) than the proportion testing positive by direct PCR.
McNemar's chi-square test statistics for all comparisons of the proportions of positive samples identified by direct 
Detection method and serogroups From generalized linear mixed models using binomial distribution, logit link and a random intercept for cohort to estimate prevalence (calculated from models intercepts).
c Indicates cohort was significantly ( p < 0.05) associated with the probability of a sample testing positive.
CI, confidence interval.
PCR and culture-based procedures indicated disagreement ( p < 0.01). Therefore, the following Cohen's j statistics should be considered biased and used for reference only. Kappa results indicated there was a significant ( p < 0.01), albeit only fair, degree of agreement between direct PCR and culture-based results for detection of O26 (agreement = 71.9%, j = 29.1%) and O103 (agreement = 72.9%, j = 21.4%) serogroups. The overall agreement between the two tests for detection of O111 STEC beyond that due to chance was slight (j = 0.2%), and not statistically significant ( p = 0.46).
Discussion
The fecal prevalence of STEC serogroups of potential public health importance was determined in commercial feedlot cattle cohorts using PCR and cultural methods. Recent increases in the number and clinical relevance of cases attributed to non-O157 STEC in North America and Europe dictate that research into the prevalence of STEC in cattle should be conducted to generate data for quantitative risk assessments (Brooks et al., 2005; Pihkala et al., 2012; Scallan et al., 2011) . The few published on-farm studies of non-O157 STEC in the United States report point-estimates of prevalence. There are challenges related to the use of point-prevalence measures to describe the epidemiology of enteric pathogens, including the phenomena of intermittent shedding, possible re-infections, and changes over time, particularly due to seasonal shedding (Barkocy-Gallagher et al., 2003; Renter et al., 2005) . Variable accuracy of diagnostic tests for STEC also impact prevalence estimates. Longitudinal studies are impacted by similar factors, yet they are more appropriate for evaluating outcomes that vary over time. However, there are limited longitudinal investigations of non-O157 STEC epidemiology on beef farms. The current study was motivated by the need to acquire information on the prevalence of STEC organisms shed by feedlot cattle populations into the production environment.
Based on PCR and cultural methods, our cumulative prevalence estimates ranged from 0.01 to 24.6% for STEC serogroups, whereas our within-cohort prevalence estimates varied widely (0 to 78.1%). Although our estimates are within previously reported fecal prevalence estimates ( Jenkins et al., 2003; Renter et al., 2005; Hussein, 2007) , the diagnostic methods differed in these studies and thus prevalence estimates are difficult to compare. Our apparent prevalence estimates are based on two diagnostic protocols; however, estimates of true STEC prevalence are still lacking. Although samples were obtained from a single commercial feedlot, sampled cohorts were representative of a large population of cattle originating from several backgrounding farms across six states. Elucidating and controlling factors that reduce the prevalence of STEC, regardless of whether they relate to incidence, duration of shedding, or a combination of both, could have public health benefits by limiting potential foodborne and environmental exposures.
For detection of non-O157 STEC in trim or other groundbeef components, the FSIS (2010) proposed a two-stage PCR screening test on post-enrichment samples, followed by IMS and inoculation onto Rainbow agar, with confirmation by latex agglutination and biochemical tests. However, currently there are no specific tests or protocols standardized for use in more complex matrices, such as feces. We selected a random sample of colonies from MacConkey agar, a medium selective for E. coli but relatively nondifferential, to detect target serogroups by multiplex PCR in order to increase unbiased detection capabilities. For culture-based procedures, we used three sets of beads intended to separate O26, O103, and O111. Although both O26 and O103 IMS beads appear to be relatively specific for the respective serogroups, colonies from O111 beads were often positive for the O103 gene (Table 1) . This supports previous findings reported by Bai et al. (2012) . The detection of other STEC serogroups is likely due to nonspecific binding on the beads and subsequent use of a nondifferential medium. Isolation of STEC obtained by culture-based methods followed by PCR confirmation of serogroup and virulence genes, or the detection of gene markers using PCR directly on enriched samples, was shown to be advantageous for testing fecal samples that may harbor more than one serogroup and may not possess Shiga toxin or intimin genes Paddock et al., 2012) . Other fecal prevalence studies (Cobbold et al., 2004; Renter et al., 2007) followed an FSIS-type approach (FSIS, 2010) by prescreening samples for Shiga toxin genes before applying cultural methods. Use of PCR as a prescreening tool for feces may be suboptimal as it can fail to detect O-positive samples that, despite their pathogenic potential, do not contain virulence genes; conversely, it can amplify virulence genes that are carried by other bacteria. Among samples positive for O genes, the presence of virulence genes varied considerably. A large number of samples positive for O serogroups, by both culture-based and direct PCR methods, did not possess either Shiga toxin gene, indicating that cattle carry Shiga toxin gene-negative E. coli belonging to these seven O serogroups. This phenomenon has been previously observed with O157 (Bielaszewska et al., 2007; Wetzel and LeJeune, 2007; Cernicchiaro et al., 2009) , and non-O157 STEC strains in cattle feces Paddock et al., 2012) .
The presence of multiple STEC serogroups in cattle feces may be relatively common, as 14-16% of samples tested positive for two or more O serogroups based on culture-based protocols, and 33% based on direct PCR. Simultaneous detection of serogroup and virulence genes by the multiplex PCR does not indicate that virulence determinants are carried by the same serogroup. This issue should be further investigated in order to characterize STEC risk associated with cattle production systems. Paddock et al. (2012) and Bai et al. (2012) concluded that multiplex PCR for STEC serogroups is most applicable for confirming putative isolates. Our results support their findings that culture-based methods using specific IMS beads followed by PCR confirmation of serogroup and virulence genes identifies a greater number of O-positive samples than using PCR directly. However, the significant disagreement between PCR and culture-based protocols indicates that further assessments are necessary. There is a need to determine the diagnostic sensitivity and specificity of STEC detection procedures, and further evaluate potential impacts of cross-reactivity, use of a nonselective medium, and fecal inhibitors of PCR amplification.
Detection of virulence markers after cultural isolation was low compared to direct PCR. It may be that PCR detected genes carried by bacteria other than the targeted STEC serogroups. Methods for isolation and detection of non-O157 STEC in feces are still under development (Possé et al., 2008; Bai et al., 2012; Hedge et al., 2012; Paddock et al., 2012; Wylie et al., 2013) ; specific potential needs are to develop a selective medium to phenotypically identify STEC serogroups, improve specificity of IMS beads, validate molecular techniques for faster and more sensitive detection, and standardize protocols to accurately identify STEC.
Associations between cohort and the probability of detecting serogroups O26, O103, O111, and O157 indicates that prevalence significantly varied among cattle subpopulations or sampling time. 2010), with the occurrence being greatest in summer months. A previous study indicated that the fecal prevalence of non-O157 STEC also could vary seasonally; however, there were no clear trends, perhaps due to the low recovery rate of STEC (Barkocy-Gallagher et al., 2003) . Renter et al. (2005) showed the probability of detecting non-O157 STEC varied over time, but no seasonal pattern was observed. Given that sample collection in this current study was during a 2-month frame within the same season, and sampling time was confounded by cohort, the effect of season could not be evaluated.
Results indicate that all seven STEC O serogroups and associated virulence determinants were detected, at various levels, in fecal samples from commercial cattle cohorts. The O157, O26, and O103 serogroups were the most frequently detected in this study population. Multiple serogroup-positive samples did not harbor Shiga toxin genes; thus, further elucidation of their role as potential human pathogens is important. Evaluation of diagnostic methods for non-O157 STEC is needed, given their fairly poor agreement and impact on prevalence estimation. Prospect advancement in the development and validation of diagnostic techniques for STEC, generation of longitudinal epidemiologic data, and identification of factors associated with the presence and persistence of STEC are also needed. These efforts will improve true prevalence estimates that provide measures of pathogen frequency at the feedlot level and contribute data to assessments aimed at identifying potential risks of human illness related to beef production.
